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We have performed electron spin resonance ~ESR! and dc magnetization measurements on single crystals of
La2(12x)Sr112xMn2O7 up to 800 K with special emphasis on the x50.4 composition. The ESR linewidth
shows behavior similar to that observed in the three-dimensional perovskites and above ;500 K can be
described by a universal expression DHpp(T)5@C/Tx(T)#DHpp(‘). The linewidth and the resonance field
become anisotropic below ;500 K. The anisotropy in the resonance field is proportional to the magnetization
M, and we concluded that it is intrinsic to the system. We show that demagnetization effects can explain only
part of the anisotropy. The remainder arises from short-range uniaxial terms in the Hamiltonian that are
associated with the crystal field and Dzialozhinsky-Moriya interactions. The anisotropy in the linewidth is
attributed to the easy-plane ferromagnetic ordering, which also arises from the short-range anisotropy.
DOI: 10.1103/PhysRevB.63.174413 PACS number~s!: 78.30.2j, 75.30.2m, 63.20.2e, 72.10.Di
I. INTRODUCTION
The observation of colossal magnetoresistance ~CMR!
in the series of Ruddlesden-Popper ~RP! phases,1
An11MnnO3n11, has attracted considerable attention. Most
of the work was done in the perovskite manganite
La12xSrx(Ca)MnO3 (n5‘). Recently, the n52 member
A3Mn2O7 has received considerable attention due to its in-
teresting properties. The RP phases consist of n layers of
perovskite octahedra blocks along the c axis. The blocks are
separated by the insertion of rocksalt layers of A2O2, which
leads to a larger c-axis lattice parameter. Moritomo et al.2
observed CMR in the layered La1.2Sr1.8Mn2O7 at TC
;125 K, which nominally corresponds to 40% of the hole
doping. Lately, our group and others have studied by elec-
tron spin resonance ~ESR! the T dependence of the ESR
linewidth, DHpp , for three-dimensional ~3D! perovskites
and pyrochlores.3–6 By measuring ESR and dc susceptibility
up to high T, T*3TC , we found that DHpp in the paramag-
netic region, for the 3D perovskites and pyrochlores, pre-
sents a universal behavior that can be described by the ex-
pression
DHpp~T !5@C/Tx~T !#DHpp~‘!, ~1!
where x(T) is the dc susceptibility and DHpp(‘) is the
high-T limit of the linewidth associated with the parameters
of the Hamiltonian describing the interactions of the spin
system.3–5 From these data the role played in the linewidth
by interactions such as the magnetic anisotropy, superex-0163-1829/2001/63~17!/174413~6!/$20.00 63 1744change, and double exchange can be extracted. For this rea-
son, we felt that it was interesting to perform a similar study
on the layered manganites. We tried also to clarify some
discrepancies in the interpretation of the data reported in the
literature about an increase of the magnetization M observed
at ;300 K in (La,Sr)3Mn2O7, claimed to be intrinsic to the
layer systems by some authors and extrinsic by others.7 For
example, Potter et al. concluded that the high-T transition
was not intrinsic to the n52 system, and was associated with
intergrowths of other RP phases.8 Instead, Chauvet et al.,
who reported ESR on layered La1.35Sr1.65Mn2O7 powders,
observed at ;350 K, well above TC ;110 K, that the ESR
spectrum splits into two lines and concluded that both lines
were intrinsic to the system.9
In this work we report measurements as a function of
angle, frequency, and magnetic field of the ESR and M in
several single crystals of La1.2Sr1.8Mn2O7 up to 800 K. We
have also studied a single crystal and a powder of
La1.35Sr1.65Mn2O7 and for completeness made some mea-
surements on single crystals with 0.33&x&0.38.
II. EXPERIMENTAL TECHNIQUES
We have carried out systematic ESR and dc magnetiza-
tion measurements on several single crystals of
La1.2Sr1.8Mn2O7 of ;13130.1 mm3 and in powder and a
crystal of La1.35Sr1.65Mn2O7. In order to prepare the crystals,
polycrystalline materials were synthesized by a solid-state
reaction of stoichiometric quantities of MnO2 , SrCO3, and
La2O3 at temperatures up to 1550 °C in air. Polycrystalline©2001 The American Physical Society13-1
N. O. MORENO et al. PHYSICAL REVIEW B 63 174413material was shown from x-ray diffraction to be free of other
members of the Ruddlesden-Popper series (&3% by vol-
ume!. The polycrystalline compounds were then used as
starting materials for the crystal growth. Crystals were melt
grown in a flow of O2 using a floating zone optical image
furnace. We found that the amount of impurity phases in-
creased when the growth rate was increased. Nonetheless,
there is a point where the losses became too great when the
growth process was slowed down and a gradient in the crys-
tals composition is observed. It is also true that two identical
growths do not produce the same amount of impurities, al-
though there are general trends ~slower is better, at least over
small distances!. Ideal growth conditions for controlling the
extrinsic phases were not found. However, we obtained a set
of parameters which produced single crystals with a very low
volume fraction of extrinsic phases. The resulting boule con-
tained many shiny black platelike crystals with the crystallo-
graphic c axis perpendicular to the plate. The crystals could
easily be cleaved away. In this study we examine several
crystals. The crystal known here as sample S1 has the lower
impurity phase content and was grown at a rate of 4 mm/h.
The ESR experiments were carried out in a Bruker ESR
spectrometer at 9.5 GHz in the range of temperature between
100 K and 700 K and at 35 GHz between 100 K and 300 K.
The M data were taken in a MPMS-5 Quantum Design su-
perconducting quantum interference device ~SQUID! magne-
tometer between 2 K and 800 K.
III. RESULTS AND DISCUSSION
All the samples were characterized by measuring their dc
susceptibility and M up to 800 K. From the high-T suscep-
tibility we obtained the number of Bohr magnetons,
4.77(5)mB , and 4.7(1)mB , close to the expected ones,
4.49mB and 4.57mB , and values of the Curie-Weiss tempera-
ture, QCW5280(5) K and 270~5! K, for La1.2Sr1.8Mn2O7
and La1.35Sr1.65Mn2O7, respectively. Ordering temperatures
of TC;125 K and ;112 K and saturation magnetic mo-
ments, below TC , of ;3.6(1)mB /Mn were obtained for
La1.2Sr1.8Mn2O7 and La1.35Sr1.65Mn2O7, in agreement with
previous reports.10
In the paramagnetic regime, a Dysonian resonance line
with g52.0 is measured for 500 K&T&800 K for all the
crystals studied. Its intensity I follows reasonably well the T
dependence of xdc(T), as observed in the perovskites and
pyrochlore manganites.3,5 Below ;500 K a shift of the
resonance field Hr
ESR is measured. The shift depends on the
direction of the external magnetic field H with respect to the
crystallographic axes of the sample. We found that within
the experimental error, the shift is the same for three differ-
ent crystals of La1.2Sr1.8Mn2O7, labeled as S1 , S2, and S3. In
Fig. 1 the shift from g52.0, Hr
ESR2Hg52 vs T, is given for
the three samples, with Hi@a ,b# plane and Hic axis at
;9.5 GHz. The shift of a powder obtained from sample S3
is also included in Fig. 1. The inset shows the angular de-
pendence between the c axis and the @a ,b# plane of Hr
ESR at
T5230 K. In Fig. 2 the shift Hr
ESR2Hg52 vs M, with
Hi@a ,b# plane and Hic axis, is given for S1 and S2 for T17441*TC . As can be seen the shift of Hr
ESR scales linearly with
M. The M given in Fig. 2 was measured at H5Hr
ESR
. As T
approaches TC the ESR line intensity grows dramatically,
and its anisotropy rapidly increases. For T,TC the angular
variation of this resonance can be measured. The linewidth
gets broader as T approaches TC , but does not get distorted
as occurs for the 3D perovskite systems. The T dependence
of DHpp(T) is given in Fig. 3, together with the fitting of
DHpp(T) to Eq. ~1!. Above ;450 K, DHpp is isotropic and
is described reasonably well by Eq. ~1! with DHpp(‘)
51.7(1) kOe. For T&450–500 K a departure of DHpp(T)
from Eq. ~1! is observed ~see Fig. 3!. A behavior similar to
the one described above was observed for ESR measured in
a single crystal of La1.35Sr1.65Mn2O7. We have also mea-
sured ESR, but not in such detail, on single crystals with
different compositions, 0.33&x&0.38. In all of these cases
we found a similar dependence of the ESR linewidth and
FIG. 1. T dependence of the resonance shift, Hr
ESR2Hg52, for
Hia axis ~open symbols! and Hic axis ~solid symbols!, for the S1
(h), S2 (s), and S3 (n) crystals and powder of S3 (2). The inset
shows the ESR angular variation of Hr
ESR for S1 , S2, and S3 at 230
K @Hic (a50°) and Hia (a590°)#.
FIG. 2. M-linear dependence of the resonance shift, Hr
ESR
2Hg52, for Hia axis ~open symbols! and Hic axis ~solid symbols!,
for the S1 (h) and S2 (s) crystals.3-2
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~magnetic field! as observed for x50.40 and x50.325.
As other authors, we observed an increase of M for T
;300 K@TC for all the samples studied.7–9 We obtained
the volume of the sample required to account for that in-
crease of M above TC , as done previously by Potter et al.8
We estimated it from the number of Bohr magnetons ob-
tained from the hysteresis loops normalized by the saturation
magnetic moment measured at high field. We found that the
volume of the sample required us to explain why the step on
M at the temperature where it appears was different even for
samples with the same value of x. The volumes calculated
for the three single crystals studied for La1.2Sr1.8Mn2O7, la-
beled S1 , S2, and S3, were &0.03%, ;0.25%, and ;1%,
respectively, and ;0.6% for the single crystal S4 of
La1.35Sr1.65Mn2O7. Thus, the sudden increase of M observed
at T’300 K is sample dependant; i.e., the increase in M is
due to the presence of extrinsic phases as previously con-
cluded by Potter et al. Further support for this conclusion is
that we observed the appearance of new resonance lines @fer-
romagnetic resonance ~FMR!# for all the samples studied at
T close to where the step in M is first seen. For the Hi@a ,b#
plane the FMR lines shift to lower fields as T decreases.
Figure 4 shows the spectra with Hia axis at 230 K for the
single crystals S1 , S2, and S3, of La1.2Sr1.8Mn2O7 and S4 of
La1.35Sr1.65Mn2O7. As seen in Fig. 4 the main difference is
that the intensities I of the FMR lines are larger for the
samples with larger impurity content. For all the samples, the
increase in I of the FMR corresponds to the increase of M
observed at a similar T. Thus, the step on M found well
above TC is associated with the appearance of the FMR
lines. The volume fraction required, for all the samples stud-
ied, to explain the extra M observed at high T and the I of the
FMR are the same within experimental error, once corrected
for skin depth effects. The features described above are pos-
sibly due to small regions which order ferromagnetically in
the samples and are not intrinsic as previously claimed.9 For
comparison we prepared a powder of La1.35Sr1.65Mn2O7; the
powder was obtained from the original single crystal S4. As
Chauvet et al., we observed the appearance of an extra FMR
FIG. 3. The peak-to-peak ESR linewidth DHpp for the S1 crystal
as a function of T measured at 9.4 GHz. Dashed and solid lines are
the fittings using Eq. ~1! for Hic axis and Hia axis, respectively.17441broad line below ;350 K, instead of several narrow lines as
seen in Fig. 4 for the single crystal S4 of La1.35Sr1.65Mn2O7.
That is possibly due to the high anisotropy of the FMR lines
associated with the extrinsic phases. Recently, Bhagat
et al.11 had observed a similar ESR spectrum below 300 K in
a sample of La1.2Sr1.8Mn2O7 with a content of extrinsic
phases similar to our S3 sample and also came to the conclu-
sion that the extra FMR lines are due to impurity phases.
In general, for paramagnetic materials demagnetizing ef-
fects can be neglected as the M is small. But for these con-
centrated systems, with applied fields of H;3 –4 kOe ~9.5
GHz! and ;11–13 kOe ~35 GHz!, a shift of several hun-
dred Oe is expected for Hi@a ,b# plane and Hic axis for T
&200 K. Thus, the internal field Hi within the sample must
be corrected for the demagnetizing field. For it, the demag-
netizing tensor N, which depends on the shape of the sample,
needs to be known. The principal values determining the
angular variations of the resonance field can be exactly cal-
culated only for simple cases: infinite plate, disk, etc.12–14
Our samples may be approximated by an infinite plate. The
shift measured, shown in Figs. 1 and 2, has the dependence
expected, v/g5Hr
ESR24pM and v/g5@Hr
ESR(HrESR
14pM )#1/2, for Hic axis and Hi@a ,b# plane, respectively.
That is not surprising as Hr
ESR is much larger than 4pM . We
found that the shift Hr
ESR2Hg52 scales with the frequency
measured, 9 GHz and 35 GHz. Thus, it seems reasonable to
conclude that the line shift is intrinsic to n52 compounds as
it is similar to all the samples measured. In spite of the good
qualitative agreement, the observed g shift is about 3 times
larger than predicted from demagnetizing fields. Thus, the
mechanism responsible for the observed shift is not fully
explained by demagnetizing effects alone. It should be noted
that similar shifts have been observed before.15,16 In the case
of low-dimensional organic radical magnets, the shift was
first attributed to short-range magnetic order. Recently, how-
ever, the importance of demagnetizing fields over short-
range order has been emphasized in order to explain the reso-
nance fields in these compounds.17 In the layered
FIG. 4. ESR spectra at 230 K for the S1 , S2 , S3, and S4 crystals
with Hia axis. Notice the much higher I of the FMR for S3 and S4
relative to that of S1 and S2.3-3
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strongly T dependent, varying rapidly near TC . The qualita-
tive behavior of the g factors resembles the behavior associ-
ated with the demagnetizing effects; as noted, however, the
magnitude of the variation in ga and gc is about a factor of 3
larger than one would expect from the measured values of
4pM . We return to this point below. As mentioned above
for La1.2Sr1.8Mn2O7 and La1.35Sr1.65Mn2O7 in spite of the
broadening of the ESR linewidth at T;TC the line is almost
undistorted and the expected anisotropy for a FM plate is
observed. For T&TC , the anisotropy of the FMR can be
accounted for by a magnetization M, corresponding to the
full moment obtained for the Mn ion, 3.6(1)mB /Mn.
Since the demagnetizing effects account for no more than
about one-third of the g-factor variation, one must look to
other mechanisms. As noted elsewhere,4 in manganite sys-
tems, the anisotropy is dominated by contributions from the
crystal field ~single-ion! and the Dzialozhinsky-Moriya ~an-
tisymmetric exchange! interactions. Both of these interac-
tions are far stronger than the dipolar coupling as evidenced
by the fact that the ESR linewidth is ;103 times larger than
the width expected from the dipolar mechanism alone. We
argue that the short-range anisotropic interactions are also
largely responsible for the g-factor variation. To see how this
can happen, we consider the effect of a single-ion anisotropy
term of the form
(j ~AxSx j
2 1AySy j
2 1AzSz j
2 !, ~2!
where x ,y ,z , refer to the crystallographic axes, which are
assumed to coincide with the ellipsoidal axes of the sample.
We follow Van Vleck’s18 microscopic derivation of Kittel’s
formula for the ferromagnetic resonance frequency.19 In the
analysis, we take the static field from the z direction, and we
consider the equations of motion for the x and y components
of the total spin, Sx5S jSx j and Sy5S jSy j . In the presence
of the dipolar interaction and the crystal field anisotropy, the
equations of motion for Sx and Sy become
dSx
dt 522mBHSy1~Nz2Ny!2mBMSy
1S j~Ay2Az!~Sy jSz j1Sz jSy j!, ~3!
dSy
dt 512mBHSx2~Nz2Nx!2mBMSx
2S j~Ax2Az!~Sx jSz j1Sz jSx j!, ~4!
where M is the magnetization and the Ni denote the demag-
netizing factors. Since S.1/2, we can linearize these equa-
tions by substituting for Sz j its thermal average ^Sz& , which
we take to be the same for all spins. Following linearization,
we replace ^Sz& by M /(22mBrS), where rS is the number
of spins per unit volume. After taking these steps we obtain
dSx
dt 522mBHSy1FNz1 Az2mB2 rS 2Ny2 Ay2mB2 rSG2mBMSy ,
~5!17441dSy
dt 512mBHSx2FNz1 Az2mB2 rS 2Nx2 Ax2mB2 rSG2mBMSx.
~6!
From these equations, it is evident that the effect of the
anisotropy is to modify the demagnetization factors accord-
ing to the equation Ni→Ni1Ai /(2mB2 rS). The added terms
are on the order of the ratio of the ~nondipolar! anisotropy
energy to the dipolar energy. Since the ESR linewidth is
approximately the ratio of the square of the anisotropy ~or
dipolar! field to the exchange field, a very crude estimate of
Ai /(2mB2 rS) is given by the ratio of the square root of the
high-T limit of the ESR linewidth to the square root of the
width expected from dipolar interactions only; in other
words, we have Ai /(2mB2 rS)’10–100. Because the bilayer
materials are easy-plane ferromagnets for x.0.32, we have
Ax5Ay5A’ and Az5A i.A’ , when the z direction coin-
cides with the crystallographic c ~hard! axis.10
Although the above analysis was carried out for a very
simple model of the anisotropy—single ion, all sites
equivalent—we expect the qualitative features of the results
to be preserved in a more realistic calculation. After linear-
ization, the equations of motion will contain terms of the
form S jC j^Sz j& (Sx j or Sy j). Although these terms cannot be
brought to the form C^Sz& (Sx j or Sy j) without further ap-
proximations, we expect their contribution to the g factors to
be similar to that found previously for the single-ion mecha-
nism. For an easy-plane system, with the field along the c
axis, one predicts that v/g5@Hr
ESR2(N i2N’)M
2 f (T ,HrESR)# , whereas when the field is perpendicular to
the c axis, one has v/g5$Hr
ESR@Hr
ESR1(N i2N’)M
1 f (T ,HrESR)#%1/2. The function f (T ,H) depends on the de-
tails of the anisotropy mechanism but is proportional to H for
small fields and is expected to increase in magnitude as T
→TC . Although second-order anisotropy enters into the
equation for v in a matter similar to the demagnetizing cor-
rections, the short-range anisotropy term does not depend on
the shape of the sample.
According to the theory outlined in Ref. 16, in uniaxial
systems the ESR linewidth ~in frequency units! with the
static field along the c axis is equal to the zero-field relax-
ation rate for spin fluctuations along the a axis, whereas
when the static field is along the a axis, the ESR linewidth is
equal to the average of the zero-field relaxation rates along
the a and c axes. That is to say, we have
~mB /h !gcDHc5
1
T2a ~7!
and
~mB /h !gaDHa5
1
2 S 1T2a 1 1T2cD . ~8!
The T dependences we find for gcDHc and gaDHa are
compatible with a slow variation in 1/T2c and a divergence in
1/T2a in the limit of T→TC . Since the bilayer compound is
an easy-plane ferromagnet, it is expected that the critical3-4
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plane perpendicular to the c axis. With divergent behavior
only in 1/T2a , both gaDHa and gcDHc will increase and the
ratio of gcDHc to gaDHa will approach 2 as T→TC . It is
evident from Fig. 5 that this happens for 400 K.T
.170 K. For T,170 K, the ratio of the linewidths is sig-
nificantly greater than 2, which may indicate that close to
TC , critical effects are suppressed when the applied field is
in the easy plane. It would be interesting to take similar data
by making minor scratches in a high-quality single crystal of
La1.4Sr1.6Mn2O7 , x50.3, where the easy axis lies along the
c axis instead of the @a ,b# plane for x*0.32.10
IV. CONCLUSIONS
In the paramagnetic region, above ;450 K, the ESR
linewidth can be fitted reasonably well by Eq. ~1! with
DHpp(‘)51.7(1) kOe. At this point, a comparison with
other bilayers manganites compounds is not possible, due to
the lack of data. However, we can attempt to compare it with
other 3D perovskites with similar values of QCW ; we con-
cluded then that the double-exchange mechanism does not
seem to play an important role in the exchange narrowing of
the ESR line, as is also the case for the 3D perovskites.4 We
measured a shift of the resonance field for the intrinsic ESR
line of the layer compound for T;450–500 K@TC . We
found that the shift is independent of the impurity phase
content and could be accounted for only partially by demag-
netizing effects. Other contributions to the shift come from
the short-range uniaxial terms in the Hamiltonian that are
FIG. 5. T dependence of the product ge f fDHpp for S1 , Hic
(j), Hia (h). The inset shows the T dependence of the g factor
for the same sample for Hic axis (j) and Hia axis (h).17441associated with the crystal field and Dzialozhinsky-Moriya
interactions, although the latter are expected to be small ~see
the Appendix!. Also, it might be argued that the extrinsic
phases give rise to regions of spins with enhanced suscepti-
bility that may magnify the effect of the demagnetizing
fields. However, the fact that similar results were obtained
for samples with a wide distribution of extrinsic phases does
not seem to support that argument. These results may be
important when measuring in a magnetic field for T*TC ;
i.e., some of the changes in the spectra observed above TC
could be associated with demagnetizing fields. We have also
observed an anisotropy in the DHpp below 500 K which
appears to be connected with the easy-plane character to the
ordering at TC . Finally, we have confirmed that the sudden
increase in M well above TC is due to impurity phases.
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APPENDIX
A simple calculation suggests that the contribution to the
shift in the g factor coming from the Dzialozhinsky-Moriya
~DM! interaction may be quite small. Consider a pair of
spins coupled by both the Heisenberg exchange interaction
and the DM interaction, D12(S13S2), with the static field
along the z axis. After linearization, the equation of motion
for the x component of the the total spin, Sx11Sx2, has the
form
d~Sx11Sx2!
dt 522mBH~Sy11Sy2!1D12
z ^Sz&~Sx12Sx2!,
~A1!
with a similar equation for Sy11Sy2. Note that because of
the antisymmetric nature of the DM term, the transverse
components of the total spin, S1 1 S2, couple to the trans-
verse components of the difference spin, S12S2. Unlike the
total spin, the difference spin does not commute with the
Heisenberg Hamiltonian. As a consequence, the term on the
right hand side of Eq. ~A1! fluctuates rapidly over the time
scale of the Larmor period, and thus does not contribute
significantly to the g factor. This is in contrast to single-ion
anisotropy which does couple with the transverse compo-
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